ABSTRACT Incubation of primary cultures of hamster embryo cells (HEC) or mouse fibroblasts (C3H/IOTI/2 cells) in media depleted of thyroid hormones does not alter cell growth or survival but renders the cells resistant to neoplastic transformation by benzo [a]pyrene (B[a]P) or N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), carcinogens which yield transformation rates of 10-4_10-2 in media supplemented with triiodothyronine (T3). In C3H/10T'/2 cells, the times of addition or removal of the hormone indicate that T3 exerts maximum effect when added 12 hr prior to treatment with B[a]P and that the progression of transformation from the time of initiation by the carcinogen to full expression and the appearance of transformed foci was independent of the presence or absence of the hormone in the medium. Dependence of transformation on T3 concentration in the medium was observed over the physiological range of 1 pM to 100 nM in C3H/1OT1/2 cells treated with B[a]P. These results were similar to our previous findings on the T3 dose-related induction of radiogenic transformation and of Na+,K+-ATPase activity. The latter effect was used as a measure of T3 induction of protein synthesis. A further indication of the potential involvement of protein synthesis in T3 action is the suppression of T3-and B[a]P-dependent transformation by cycloheximide at concentrations that inhibit protein synthesis by ==50% in the C3H/1OT'12 cells. We suggest that thyroid hormone induces the synthesis of a host protein that plays a key role in neoplastic transformation by direct-acting chemical carcinogens and by those requiring metabolic activation. In our previous studies, similar T3-dependent mechanisms were implicated in radiogenic transformations.
Our earlier studies, with primary cultures of hamster embryo cells (HEC) and mouse embryo fibroblasts (C3H/LOTI/2), an established line, indicated that thyroid hormones are essential factors in the induction of neoplastic transformation by x-irradiation (1, 2) . Removal of triiodothyronine (T3) and thyroxine (T4) from serum-supplemented media eliminated radiogenic transformation in both cellular systems without modifying the rates of cell survival or cell growth (1, 2) . The addition of T3 (1 pM to 100 nM) to the thyroid hormone-depleted medium reestablished transformation at frequencies that were T3 dose dependent. The T3 concentration dependence of the transformation response to x-rays was the same as the concentration dependence of the Na+,K+-ATPase response (2) .
In these earlier studies (2) , the maximal transformation frequency was observed when T3 was added to the medium 12 hr prior to x-ray treatment. In contrast, when T3 was added to the hormone-depleted cells 24-48 hr after exposure to x-rays, no transformation was observed. These findings strongly suggested that thyroid hormones serve as crucial factors in the initiation of cellular neoplastic transformation by x-irradiation.
The present experiments were undertaken to assess the role of thyroid hormone in neoplastic transformation induced by specific chemicals in both the diploid HEC and the heteroploid C3H/10TI/2 strains as the in vitro model systems (3) (4) (5) .
We report here that, in these two culture systems, the presence of thyroid hormone, specifically T3, is crucial for the induction of transformation by benzo[ajpyrene (B[a]P), which requires metabolic activation, and by N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), an alkylating agent that is a direct-acting carcinogen (6, 7) .
Our results indicate that T3 plays a key role in the initiation of neoplastic transformation by B[a]P and MNNG and that intact protein synthesis is required for these responses.
MATERIAL AND METHODS AGI-X10 resin (chloride form) was purchased from Bio-Rad; 3,3',5'-triiodo-L-thyronine, from Calbiochem; and B[a]P, from Sigma. Heat-inactivated fetal calf serum, Eagle's basal medium, and antibiotics were obtained from GIBCO, and MNNG was from Aldrich. All of the conventional reagents were of analytical grade or of the highest purity available.
Cell Cultures and Conditions. C3H/10TI/2 (clone 8) cells were originally obtained from C. Heidelberger. Stock cultures were maintained at 370C (aerated with 5% CO2 in air) in Eagle's basal medium containing 10% heat-inactivated fetal calf serum, penicillin (50 units/ml), and streptomycin (50 pkg/ml) (4, 5) .
HEC were obtained by mincing midterm whole embryos from Golden Syrian hamsters (Lakeview, Wilmington, MA). Primary cultures were established by progressive dissociation of minced fresh tissue in Dulbecco-modified Eagle's medium fortified with 10% fetal calf serum, penicillin (50 units/ml), and streptomycin (50 ,.g/ml) (3, 5) .
T3 and T4 were removed from fetal calf serum by adsorption to AGI-X10 resin as described (1, 2, 8 With unmodified fetal calf serum, the direct carcinogen MNNG elicited a transformation frequency of 3 X 10-3 in C3H/ LOT'/2 and 1.4 X 10-2 in HEC ( Table 2 ). Depletion of T3 and T4 from the media (i.e., with resin-treated fetal calf serum) eliminated all transformations in both types of cells, and readdition of T3 (2 nM) to the media restored the transformation frequencies to the control values.
In our earlier studies on the dependence of x-irradiation-induced transformation on T3 in the medium, we found that T3 was required only for a 36-hr interval (i.e., from 12 hr before to 24 hr after irradiation), implying no effect of the hormone on progression of the process (2). Accordingly, similar studies were carried out on the time relationships in the conjoint action of T3 and B[a]P. As indicated by the first two rows in Table 3 , in the continuous presence of resin-treated serum, the presence or absence of B[a]P elicited no transformants. Preincubation of the cells for 1 week in resin-treated serum, followed by addition of T3 (1 nM) for 12 hr prior to B[a]P treatment restored transformation rates in C3H/lOT1/2 cells to those observed in cells pretreated with T3 for 1 week (cf. row 4 in Table  1 and row 3 in Table 3 ). Addition of T3 to the medium simultaneously with B[a]P reduced the yield of transformants to 40% of the optimum (row 4) and addition 48 hr after B[a]P addition (i.e., at the time of removal of this agent) was totally ineffective in eliciting transformation (row 5). Moreover, when T3 was added 12 hr prior to addition of B[a]P and both agents were removed 48 hr thereafter, transformation rates were restored to optimal values (row 6). In fact, exposure to T3 for only the 12 hr before B[a]P was added (i.e., replacement with resin-treated serum at the time of addition of B[a]P) was sufficient to elicit about 1/3 of the control transformation frequency (row 7). These results agree closely with the earlier findings with x-irradiation (2) .
The dependence of B[a]P-induced transformation on the concentration of T3 in the medium is compared in Fig. 1 to similar earlier observations on radiogenic transformation and induction of Na+,K+-ATPase (9) . The similarities in these responses are striking. As with radiogenic transformation and augmentation of Na+,K+-ATPase activity, the transformation response was biphasic with a maximum at 1 nM T3. These results and the time-dependence data summarized in Table 3 suggest that T3 acts as a permissive factor by induction of the synthesis of host protein(s). To explore this possibility, further 2.
2. studies were done with reverse T3 (rT3), an isomer with no known inducing activity (10, 11) , and with cycloheximide, a potent inhibitor of translation (12) .
Cells grown in resin-treated medium and then exposed to medium supplemented with rT3 12 hr prior to B[a]P treatment yielded no transformants in contrast to cells exposed to medium fortified with T3 either throughout the experiment or for 12 hr before to 48 hr after exposure to B[a]P (cf. rows 3, 4, and 5 in Table 4 ). In previous experiments on C3H/10T1/2 cells, exposure to cycloheximide for 36 hr at 50 ng/ml inhibited overall protein synthesis by 20%, accompanied by 71% cell survival (2) . At a cycloheximide concentration of 100 ng/ml, protein synthesis was inhibited by 50%, and 45% of the cells survived. In the present experiments with cycloheximide at 50 ng/ml, the yield of transformants in response to T3 and B[a]P was reduced to 15%, and at 100 ng/ml, to <5% of the uninhibited yield (rows 6 and 7 in Table 4) . DISCUSSION The role of thyroid hormones at a cellular level in neoplastic transformation is largely unknown. Data from human epidemiological studies are conflicting, though results in animal studies indicate that hypothyroidism is associated with lowered frequencies of some forms of neoplasia, retardation of growth of transplantable tumors, and suppression of metastatic proliferation (13) . Thyroid hormone treatment reverses some of these effects.
To manipulate the cellular abundance of thyroid hormone, the fetal calf serum was treated with an anion exchange resin as described (8) . The relative selectivity of this procedure in removing low molecular weight organic anions and reversal of the effects by addition of T3 to the medium justified ascribing the effects to changes in thyroidal hormone concentration (2, 8) .
In the present studies, transformation and its modulation was assessed under defined conditions in both HEC and C3H/10T1/2 cells in culture (5, 14 (1, 2, 5, 14) . This is evident from the data in the experiments delineating the time dependence of T3 action. A maximum effect on trans- (2, (9) (10) (11) 17) . (ii) The action of T3 on transformation is suppressed by cycloheximide as reported here (Table 4) and elsewhere (2) . (iii) There is a striking similarity between the concentration-dependent effects of T3 in radiogenic and chemically induced transformation with that of induced Na+,K+-ATPase activity (Fig. 1) . (iv) rT3 [an isomer that has no effect on protein synthesis (11)] does not elicit transformation in response to either x-rays or B[a]P (2).
